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The e f f e c t s  o f  r a d l a t l o n  on per fo rmance a r e  
de termlned f o r  b o t h  n*p and ptn GaAs and InP 
c e l l s  and f o r  s l l l c o n  n tp  c e l l s .  I t  1s found 
t h a t  t h e  r a d l a t l o n  r e s l s t a n c e  o f  InP 1s g r e a t e r  
than t h a t  o f  b o t h  GaAs and S1 under 1 MeV e l e c -  
t r o n  t r r a d \ a t \ o n .  For s l l l c o n .  t h e  observed 
decreased r a d l a t l o n  r e s l s t a n c e  w l t h  decreased 
r e s l s t l v l t y  1s a t t r l b u t e d  t o  t h e  presence o f  a 
r a d l a t l o n  Induced boron-oxygen d e f e c t .  Compar- 
l s o n  o f  r a d l a t l o n  damage I n  bo th  p*n and n tp  
GaAs c e l l s  y l e l d s  a decreased r a d l a t l o n  r e s l s t -  
ance f o r  t h e  n*p c e l l  a t t r l b u t a b l e  t o  
l nc reased  s e r l e s  r e s l s t a n c e ,  decreased shunt 
r e s l s t a n c e ,  and r e l a t l v e l y  g r e a t e r  losses  I n  
t h e  c e l l ' s  p - r e g l o n .  For InP, the n*p  c o n f l g -  
u r a t l o n  1 s  found t o  have g r e a t e r  r a d l a t l o n  
r e s l s t a n c e  t h a n  t h e  p tn  c e l l .  The lnc reased  
l o s s  I n  t h l s  l a t t e r  c e l l  I s  a t t r l b u t e d  t o  
losses  I n  t h e  c e l l ' s  e m l t t e r  r e g l o n .  Tempera- 
t u r e  dependency r e s u l t s  a r e  l n t e r p r e t e d  u s l n g  
a t h e o r e t l c a l  r e l a t l o n  f o r  dVoc/dT wh lch  p re -  
d l c t s  t h a t  l nc reased  Voc shou ld  r e s u l t  I n  
decreased numer l ca l  va lues  f o r  dPm/dT. The 
predicted c o r r e l a t i o n  1s observed f o r  GaAs  bu t  
no t  f o r  InP a r e s u l t  wh lch  1 s  a t t r l b u t e d  t o  
v a r l a t l o n s  I n  c e l l  p r o c e s s l n g .  

I n t r o d u c  t l o n  

P h o t o v o l t a l c  a r r a y s  based on s l l l c o n  a re ,  a t  
p resen t ,  t h e  major  p r l m a r y  source  o f  s p a c e c r a f t  
e l e c t r l c  power. On t h e  o t h e r  hand, g a l l l u m  a rse -  
n l d e  s o l a r  c e l l s  a r e  b e g l n n l n g  t o  see l l m l t e d  use  
I n  a p p l l c a t l o n s  where e n d - o f - l l f e  a r r a y  o u t p u t  
power, I n  a deg rad ing  r a d l a t l o n  env l ronment ,  I s  a 
major  d e s l g n  c a n s l d e r a t l o n .  Compared t o  these 
l a t t e r  two c e l l s ,  I n d l u m  phosph lde  s o l a r  c e l l s  a r e  
I n  a r e l a t l v e l y  e a r l y  s tage o f  development.  How- 
ever ,  I t  has been shown t h a t  I nP  s o l a r  c e l l s  a r e  
s l g n l f l c a n t l y  more r a d l a t l o n  r e s i s t a n t  than e l t h e r  
GaAs o r  s l l l c o n  when exposed t o  1 MeV e l e c t r o n  and 
10 MeV p r o t o n  1 r r a d l a t l o n s . l  e 2  

r a d l a t l o n  r e s l s t a n c e ,  a n n e a l a b l l l t y . 3  and t h e  
recen t  a t t a l n m e n t  o f  17.9 pe rcen t  t o t a l  a rea  AM0 
e f f l ~ l e n c l e s . ~  w l t h  f e a s l b l l l t y  l n d l c a t e d  for 
e f f l c l e n c l e s  g r e a t e r  t h a n  20 p e r ~ e n t . ~  make InP 
c e l l s  p r lme  cand lda tes  f o r  f u t u r e  use I n  t h e  space 
r a d l a t l o n  env l ronmen t .  Th ls  b e l n g  t h e  case, I t  I s  
conce lvab le  t h a t  a l l  t h r e e  c e l l  t ypes  w l l l  even- 
t u a l l y  be used I n  space, t h e l r  u t l l l z a t l o n  depend- 
l n g  on t h e  s p a c e c r a f t  EOL power requ l rements  I n  a 

T h e l r  s u p e r l o r  

s p e c l f l c  r a d l a t l o n  env l ronment .  A t  p resen t ,  t h e  
n*p c o n f l g u r a t l o n  I s  p r e f e r r e d  e x c l u s l v e l y  f o r  
s l l l c o n  c e l l s  used l n  space. Th ls  f o l l o w s  f r o m  a 
demonstrated s u p e r l o r  r a d l a t l o n  r e s l s t a n c e  when 
compared t o  t h e  p*n  c o n f l g u r a t l o n S 6  
t h e  s l t u a t l o n  I s  u n c l e a r  w l t h  respec t  t o  c e l l s  
based on InP  and GaAs. F o r  GaAs, a p r e l l m l n a r y  
comparlson o f  t h e  t w o  c o n f l g u r a t l o n s  has been con- 
duc ted  a f t e r  p r o t o n  l r r a d l a t l o n . 7  Cons lde r lng  
InP,  t h e r e  I s  a s c a r c l t y  o f  d a t a  I n  t h e  open l l t e r -  
a t u r e  comparing t h e  r a d l a t l o n  r e s l s t a n c e  o f  t h e  two 
c o n f l g u r a t l o n s .  Hence, we have l r r a d l a t e d  I n P  and 
GaAs s o l a r  c e l l s  w l t h  1 MeV e l e c t r o n s  I n  b o t h  t h e  
n+p and p tn  c o n f l g u r a t l o n s  and de termlned t h e l r  
per fo rmance as a f u n c t l o n  o f  f l u e n c e .  I n  a d d l t l o n ,  
we have de termlned tempera ture  dependencles o f  t h e  
s o l a r  c e l l  parameters f o r  t h e  u n l r r a d l a t e d  c e l l s .  
Our o b j e c t l v e  l l e s  I n  assess lng  t h e  r e l a t l v e  p e r -  
formance o f  n *p  and ptn InP and GaAs c e l l s  and 
thus  c o n t r l b u t l n g  t o  a r e l a t l v e l y  scarce  d a t a  base. 
We a l s o  sumnarlze t h e  s t a t e - o f - t h e - a r t  I n  AM0 e f f l -  
c l e n c y  achlevements f o r  S I ,  GaAs, and InP  and 
I n c l u d e  compara t lve  r a d l a t l o n  r e s l s t a n c e  da ta  f o r  
a l l  t h r e e  c e l l  t ypes .  

However. 

E x  p e r 1 menta 1 

D e t a l l s  o f  t h e  I n P  and GaAs s o l a r  c e l l s  used 
I n  t h e  p r e s e n t  r a d l a t l o n  damage exper lments  a r e  
shown I n  F l g s .  1 and 2 and Tables I and 11. The 
GaAs c e l l s  were o b t a l n e d  f rom Var lan .8  The n*p  
c e l l s  were processed by t h e  Rensse laer  P o l y t e c h n l c  
I n ~ t l t u t e . ~  w h l l e  t h e  p+n c e l l s  were o b t a l n e d  
f r o m  Ar l zona  S t a t e  U n l v e r s l t y .  A d d l t l o n a l  c e l l  
d e t a l l s  can be found I n  t h e  f l g u r e s  and I n  Refs.  8 
t o  10. The c e l l s  were l r r a d l a t e d  by 1 MeV e l e c -  
t r o n s  I n  t h e  Naval  Research L a b o r a t o r l e s  Van de 
Graaf a c c e l e r a t o r .  S o l a r  c e l l  per fo rmance rneasure- 
ments were c a r r l e d  ou t  a t  NASA Lewls.  u s i n g  an a l r  
mass ze ro  X-25 Xenon a r c  s o l a r .  The c e l l  pe r fo rm-  
ance d a t a  1s based on t o t a l  c e l l  a rea  l n c l u d l n g  
t h a t  covered by t h e  f r o n t  c o n t a c t s .  Temperature 
dependency measurements on u n l r r a d l a t e d  c e l l s  were 
per fo rmed I n  a n l t r o g e n  atmosphere u s l n g  a v a r l a b l e  
tempera ture  chamber l n t o  wh lch  t h e  X - 2 5  s l m u l a t o r  
beam was l n t r o d u c e d  th rough  a g l a s s  p o r t .  I n  a 
l a t e r  s e c t l o n  o f  t h e  p resen t  paper we compare t h e  
per fo rmance o f  S1, GaAs. and I n P  c e l l s  under 1 MeV 
e l e c t r o n  l r r a d l a t l o n .  For  background l n f o r m a t l o n  
t o  t h l s  comparlson we p resen t  I n  Tab le  111, t h e  
per fo rmance parameters o f  t hose  c e l l s  hav lng  t h e  
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h l g h e s t  AM0 e f f l c l e n c l e s .  
be found I n  R e f s .  4.  8 ,  11, and 12. 

A d d l t l o n a l  d e t a l l s  can 

. Res u 1 t s 

Normal lzed  e f f l c l e n c l e s  o f  t h e  GaAs and InP  
c e l l s  a r e  shown I n  F lgs .  3 and 4 .  From t h e  f l g u r e s  
I t  I s  seen t h a t  t h e  r a d l a t l o n  r e s l s t a n c e  o f  t h e  InP  
c e l l s  I s  g r e a t e r  t h a n  GaAs c e l l s  under 1 MeV e l e c -  
t r o n  l r r a d l a t l o n . 1 * 2  
t h e  r a d l a t l o n  r e s l s t a n c e  o f  t he  GaAs ptn c e l l s  
a r e  s l g n l f l c a n t l y  g rea te r  than t h a t  o f  t h e  n tp  
c e l l s  under t h e  p resen t  l r r a d l a t l o n s .  For  InP,  t h e  
n tp  c e l l s  e x h l b l t  h lghe r  r a d l a t l o n  r e s l s t a n c e  
( F l g .  4 ) .  The behav lo r  o f  t he  rema ln lng  c e l l  
parameters a t  c o n s t a n t  h l g h  f l u e n c e  1 s  s u m r l z e d  
I n  Tables I 1 1  and I V .  

From F l g .  3 I t  1s seen t h a t  

Prev Ious  r e s u l t s  have shown t h a t ,  when p l o t t e d  
on a no rma l l zed  b a s l s ,  t he  r a d l a t l o n  r e s l s t a n c e  o f  
InP c e l l s  1 s  g r e a t e r  than t h a t  o f  e l t h e r  GaAs o r  
S l . 2 * 1 3  
agreement w l t h  t h l s  r e s u l t  (F lg . '  5 ) .  I n  t h e  f l g -  
u r e .  da ta  f o r  t h e  c e l l  l abe led  InP  ( d a r k )  and t h e  
GaAs c e l l s  a r e  ob ta lned  f r o m  t h e  p resen t  r e s u l t s .  
The c e l l  l a b e l e d  InP (da rk )  w a s  l r r a d l a t e d  by 1 MeV 
e l e c t r o n s  I n  t h e  absence o f  l l g h t .  I t  has been 
found t h a t  l r r a d l a t l o n  o f  InP c e l l s  u l t h  t h e  c e l l  
I l l u m l n a t e d  by l l g h t  r e s u l t s  I n  Inc reased  r a d l a t l o n  
r e s l s t a n c e  due t o  p h o t o l n j e c t l o n  o f  m l n o r l t y  
~ a r r 1 e r s . l ~  Thus, t h e  c e l l  l a b e l e d  InP  ( l l l u m l -  
na ted )  was l r r a d l a t e d  under a l l g h t  l n t e n s l t y  o f  
70 mW/cm2. Data f o r  t h l s  l a t t e r  c e l l  was 
ob ta lned  f r o m  Ref .  14 ,  w h l l e  t h a t  f o r  t h e  10 n-cm 
SI c e l l  was o b t a l n e d  f r o m  t h e  JPL r a d l a t l o n  hand- 
b 0 0 k . l ~  The low  r e s l s t l v l t y  s l l l c o n  c e l l s  
(0 .1  and 0.2 n-cm) a r e  s l m l l a r  I n  des lgn  t o  t h e  
h l g h  e f f l c l e n c y  s l l l c o n  c e l l s  I n  Tab le  111. Typ l -  
c a l  t empera tu re  dependency runs f o r  GaAs and InP  
over  a w lde  range o f  tempera ture  a r e  shown I n  
F lgs .  6 and 7 .  I n  genera l ,  over  most o f  t h e  tem- 
p e r a t u r e  range,  maxlmum power (Pmax), Voc. and f l l l  
f a c t o r  ( F F )  decrease w l t h  l n c r e a s l n g  tempera ture  
w h l l e  I s c  Inc reases  w l t h  tempera ture .  

The p r e s e n t  data I s  found t o  be I n  

D lscuss lon  

R a d l a t l o n  E f f e c t s  I n  S l l l c o n  

The decreased r a d l a t l o n  r e s l s t a n c e  w l t h  
dec reas lng  c e l l  base r e s l s t l v l t y .  observed I n  
F l g .  5 ,  I s  t y p l c a l  o f  the  behav lo r  observed f o r  
s l l l c o n  s o l a r  c e l l s .  T h l s  f o l l o w s .  e m p l r l c a l l y ,  
f rom t h e  behav lo r  o f  the  d l f f u s l o n  l e n g t h  damage 
c o e f f l c l e n t  I t  has been found f o r  
c e l l s  w l t h  base r e s l s t l v l t y  pB between 0.1 and 

20 R-cm t h a t  K L  I s  p r o p o r t l o n a l  t o  ( l / p g  ) .  

S lnce  dec reas lng  va lues  o f  K L  Imp ly  a s m a l l e r  

r a d l a t l o n  Induced r e d u c t l o n  o f  m l n o r l t y  c a r r i e r  
d l f  f u s l o n  l e n g t h ,  t he  res  l s t l v l  t y  dependence 
o f  K L  l m p l l e s  t h a t  f o r  s l l l c o n .  I n  t h l s  r e s l s -  
t l v l t y  range, r a d l a t l o n  r e s l s t a n c e  Inc reases  as 
c e l l  base r e s l s t l v l t y  Inc reases .  The da ta  o f  
F l g .  5 suppor ts  t h l s  conc lus lon .  

A more fundamental  reason f o r  t h e  r e s l s t l v l t y  
dependent per fo rmance o f  l r r a d l a t e d  s l l l c o n  can be 
found I n  t h e  behav lo r  o f  d e f e c t s  observed by Deep 
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Leve l  T r a n s l e n t  Spec t roscopy  (DLTS). Evldence 
o b t a l n e d  f r o m  DLTS has l e d  t o  t h e  c o n c l u s l o n  t h a t  
a r a d l a t l o n  Induced d e f e c t ,  composed o f  bo ron  and 
oxygen, 1s p redomlnant  I n  caus lng  r a d l a t l o n  Induced 
d e g r a d a t l o n  I n  boron doped p - t ype  s l l l c ~ n . ~ ~ * ~ ~  
O f  t h e  t h r e e  ma jo r  deep l e v e l  d e f e c t s  observed I n  
e l e c t r o n  l r r a d l a t e d  s l l l c o n ,  o n l y  t h e  boron-oxygen 
d e f e c t  e x h l b l t s  an l n c r e a s l n  c o n c e n t r a t l o n  w l t h  
dec reas lng  c e l l  r es1  s t l v l t y . 3 1  Hence, t h e  
decreased r a d l a t l o n  r e s l s t a n c e ,  w l t h  dec reas lng  
c e l l  base r e s l s t l v l t y ,  no ted  f r o m  F l g .  5 ,  Is 
a t t r l b u t e d  t o  t h e  consequent l n c r e a s l n g  concen t ra -  
t l o n  o f  t h l s  d e f e c t .  Th l s  fundamental  l l m l t a t l o n  
p r e s e n t s  a b a r r l e r  t o  t h e  use o f  l o w  r e s l s t l v l t y  
boron-doped, s l l l c o n  s o l a r  c e l l s  I n  t h e  space r a d l -  
a t l o n  env l ronment .  

R a d l a t l o n  E f f e c t s  I n  GaAs and InP  

The s u p e r l o r  r a d l a t l o n  r e s l s t a n c e  o f  n+p 
s l l l c o n  c e l l s  over  t h e  p t n  c o n f l g u r a t l o n  has l o n g  
been an e s t a b l l s h e d  f a c t .  However, t h e  p r e f e r e n c e  
o f  one c o n f l g u r a t l o n  over  t h e  o t h e r  I s  f a r  f rom 
e s t a b l l s h e d  f o r  e l t h e r  InP  o r  GaAs. 

For g a l l l u m  a rsen lde .  t h e  t h l n n e r  e m l t t e r  
r e g l o n  of  t h e  p r e s e n t  ntp c e l l  c o u l d  l ead  t o  t h e  
p r e d l c t l o n  o f  I nc reased  r a d l a t l o n  r e s l s t a n c e  f o r  
t h l s  c e l l .  Th l s  would seem t o  f o l l o w  f r o m  p r e v l o u s  
r e s u l t s  on LPE grown GaAs c e l l s  where I t  was 
observed t h a t  r a d l a t l o n  r e s l s t a n c e  tended t o  
I n c r e a s e  4 t h  dec reas lng  e m l t t e r  t h l c k n e s s . z 2  
However, d e s p l t e  t h e  decreased e m l t t e r  t h l c k n e s s  
t h e  p r e s e n t  nip GaAs c e l l  e x h l b l t s  s l g n l f l c a n t l y  
decreased r a d l a t l o n  r e s l s t a n c e .  To examlne t h l s  
b e h a v l o r  I n  g r e a t e r  d e t a l l .  we c o n s l d e r  t h e  I - V  
curves  o f  t h e  I r r a d l a t e d  and u n l r r a d l a t e d  GaAs 
c e l l s  ( F l g s .  8 and 9 ) .  From F l g .  9. r e l a t l v e l y  
sma l l  changes a r e  l n d l c a t e d ,  f o r  t h e  pin c e l l ,  
I n  b o t h  s e r l e s  and shunt  r e s l s t a n c e  a f t e r  I r r a d l a -  
t l o n .  However. f o r  t h e  n t p  c e l l ,  F l g .  8 l n d l -  
ca tes  a r e l a t l v e l y  l a r g e  decrease I n  shunt  
r e s l s t a n c e  and a r e l a t l v e l y  l a r g e  Inc rease  In 
s e r l e s  r e s l s t a n c e .  These e f f e c t s  r e s u l t  l n  
decreased s o l a r  c e l l  o u t p u t  and thus  decreased 
e f f l c l e n c y .  The r e l a t l v e l y  l a r g e  decrease I n  I s c  
no ted  f o r  t h e  n+p c e l l  ( T a b l e  I V )  1s another  
f a c t o r  r e s u l t l n g  I n  decreased e f f l c l e n c y .  Th ls  
l o s s  occurs  p redomlnan t l y  I n  t h e  c e l l ' s  base o r  
p - r e g l o n  ( F l g .  10)  and I s  p r l m a r l l y  due t o  a 
decrease i n  d l f f u s l o n  l e n g t h  due t o  r a d l a t l o n .  
Thus, t h e  decreased r a d l a t l o n  r e s l s t a n c e  o f  the 
GaAs nip c e l l  Is a t t r l b u t e d  t o  t h e  r a d l a t l o n  
Induced Inc reased  s e r l e s  r e s l s t a n c e ,  decreased 
shunt r e s l s t a n c e ,  and decreased s h o r t  c l r c u l t  
c u r r e n t  due t o  d e f e c t  g e n e r a t l o n  I n  t h e  c e l l ' s  
p - r e g l o n .  

Cons lde r lng  InP,  f rom Tab le  V ,  t h e  change 
f l l l  f a c t o r ,  a f t e r  l r r a d l a t l o n ,  I s  r e l a t l v e l y  
and approx lma te l y  t h e  same for bo th  c o n f l g u r a t  
Hence r e l a t l v e  changes I n  shunt and s e r l e s  r e s  
ances a r e  n o t  s l g n l f l c a n t  f a c t o r s  I n  comparlng 
r a d l a t l o n  r e s l s t a n c e  o f  t h e  two c o n f l g u r a t l o n s  
S l m l l a r l y ,  t h e  pe rcen tage  change I n  Voc I s  

I n  
m a l l  
ons . 
s t -  
t h e  

approxl&i te ly t h e  same f o r  b o t h  c e l l  t ypes .  
o t h e r  hand, t h e  percentage l o s s  I n  I s c  I s  
s l l g h t l y ,  b u t  d e f l n l t e l y  l a r g e r  f o r  t h e  ptn c e l l .  
For f u r t h e r  c o n s l d e r a t l o n  o f  t h e  l o s s  I n  I s c  we 

On t h e  

L 

r 

2 



a 

c o n s l d e r  t h e  no rma l l zed  s p e c t r a l  response versus  
Wavelength shown I n  FIgs .  11 and 12 .  I n  t h e  f l g -  
u r e s ,  ( I s c ( A ) ) +  
wave length  b and 1 MeV e l e c t r o n  f l u e n c e  +, 
w h l l e  ( I sc (X ) ) ,  1s s h o r t  c l r c u l t  c u r r e n t  I n  the 
u n l r r a d l a t e d  c e l l  a t  t h e  same wave length .  The 
p o s l t l o n  o f  t h e  p-n j u n c t l o n  1s computed f r o m  the 
o p t l c a l  p a t h  l e n g t h  l / a ( b )  where a ( b )  1s t h e  
a b s o r p t l o n  c o e f f l c l e n t  of I nP  a t  wave length  
From t h e  f l g u r e s  I t  I s  seen t h a t  most o f  t h e  
c u r r e n t  l o s s  occurs  I n  t h e  e m l t t e r  r e g l o n  o f  t h e  
p+n c e l l  and l n  t h e  base o f  t h e  n*p  c e l l .  From 
p rev lous  r e s u l t s ,  I t  has been demonst ra ted  t h a t ,  
f o r  n+p InP c e l l s ,  r a d l a t l o n  r e s l s t a n c e  lnc reases  
as p-dopant c o n c e n t r a t t o n  ( Z Inc)  l nc reases  . I 3  
Slnce t h e  zlnc p-dopant c o n c e n t r a t l o n  l n  t h e  p *n  
c e l l  I s  a t  l e a s t  an o rde r  o f  magn l tude g r e a t e r  than 
t h e  z lnc  p-dopant c o n c e n t r a t l o n  I n  t h e  p resen t  n*p 
InP c e l l  and s l n c e  most of t h e  d a m g e  occurs  I n  the  
p - reg lons  o f  b o t h  c e l l s  one would a p r l o r l  expec t  
c o m p a r a t l v e l y  l e s s  r a d l a t l o n  r e s l s t a n c e  I n  t h e  
p resen t  n*p c e l l .  S lnce  t h l s  1s n o t  t h e  case f o r  
t h e  p resen t  c e l l s ,  t h e  c u r r e n t  r e s u l t s  a r e  cons ld -  
e red  t o  be anomalous. I n  any event .  I t  1s con- 
c luded  t h a t  t h e  r e l a t l v e l y  decreased r a d l a t l o n  
r e s l s t a n c e  o f  t h e  p*n  c e l l  1 s  due t o  compara- 
t l v e l y  g r e a t e r  l osses  l n  t h e  h e a v l l y  doped e m l t t e r  
reg lon .  

Temperature Dependency 

To c o n s l d e r  t h e  tempera tu re  dependency o f  
u n l r r a d l a t e d  InP and GaAs over  t h e  w lde  range o f  
tempera tures  shown I n  F l g s .  6 and 7 would be a 
h l g h l y  complex u n d e r t a k i n g  f o r  any l a r g e  group o f  
c e l l s .  The p resen t  d l s c u s s l o n  I s  s l m p l l f l e d  by  
c o n s l d e r l n g  t h e  tempera tu re  dependencles o f  t h e  
s o l a r  c e l l  parameters  a t  a s t n g l e  tempera tu re .  
S lnce  s o l a r  c e l l s  I n  l o w  e a r t h  and geosynchronous 
o r b l t s  o p e r a t e  a t  tempera tures  near  60 'C, we chose 
t h I s  tempera tu re  f o r  t h e  p r e s e n t  c o n s I d e r a t I o n s .  

Is s h o r t  c l r c u l t  c u r r e n t  a t  

1 . 2 3  

Data f o r  t h e  tempera ture  v a r l a t l o n  o f  Pmax, 
Voc. I s c ,  and F F  a t  60 O C  a r e  shown I n  Tables V I  
and V I I .  The tempera ture  dependencles of Pmax. 
t h e  c e l l  maxlmum power. a r e  sunmarlzed g r a p h l c a l l y  
I n  F l g .  13.  The w lde  spread l n  va lues ,  o b t a l n e d  
f o r  t h l s  pa ramete r ,  emphaslzes t h e  lmpor tance o f  
l ndependen t l y  d e t e r m l n l n g  tempera ture  dependencles 
f o r  any group o f  c e l l s  I n tended  f o r  a s p e c l f l c  
rn l  ss lon .  

To c o n s l d e r  t h e  r e l a t l v e  lmpor tance o f  t he  
v a r l o u s  c e l l  parameters  I n  d e t e r m l n l n g  t h e  tempera- 
tu re  dependency of Pmax, t h e  tempera ture  depen- 
denc les  a r e  expressed I n  r e l a t l v e  terms u s l n g  t h e  
r e  1 a t  I on24 

(1 )  
1 dPm = d I s c  1 

+ 1 dVoc + 1 dFF 
Pm d t  I s c  dT Voc dT FF dT 

9 Average va lues ,  f o r  t h e  c e l l s  o f  Tables V I  and V I I ,  
f o r  each t e r m  I n  t h e  p reced lng  r e l a t l o n ,  a r e  shown 
l n  F l g s .  14 and 15.  Cons lde r lng  terms on t h e  r l g h t  
hand s l d e  o f  Eq. ( 1 ) .  t h e  f l g u r e s  l n d l c a t e  t h a t  the  
t e r m  I n  Voc 1s c l e a r l y  t h e  l a r g e s t  i n  magnltude 
f o r  b o t h  c e l l  t ypes .  Hence, dPmax/dT 1s assumed 
t o  be most dependent on t h e  tempera tu re  v a r l a t l o n  

o f  Voc. To c o n s l d e r  t h l s  l a t t e r  t empera tu re  v a r l a -  
t l o n  I n  g r e a t e r  d e t a l l ,  we use t h e  r e l a t 1 o n z 4  

where Eg(T) Is t h e  bandgap a t  t empera tu re  T.  q 
l s  the e l e c t r o n l c  charge, k I s  t h e  Bol tzmann con- 
s t a n t ,  and o and B a r e  cons tan ts  l n  t h e  temper- 
a t u r e  dependency o f  Eg(T) w I t h  

(3) 

where E g ( 0 )  I s  t h e  bandgap a t  0 K .  The parameters 
r e q u l r e d  I n  e v a l u a t l n g  Eg(T) a r e  g l v e n  I n  
Tab le  V I I I .  

The r e s u l t s  o f  c a l c u l a t i o n s  u s l n g  E q s .  ( 2 )  
and ( 3 )  a r e  shown I n  Tab le  I X  where reasonab le  
agreement 1s found between t h e  exper lmen ta l  and 
c a l c u l a t e d  va lues  fo r  b o t h  I n P  and 6aAs. Cons lder -  
l n g  t h e  success o f  Eq. ( 2 )  I n  p r e d l c t l n g  t h e  va lues  
o f  dVoc/dT, and n o t l n g  t h a t  t h e  t e r m  I n  I s c  I s  
n e g l l g l b l e ,  I t  f o l l o w s  t h a t  I f  dPmax/dT 1s p ro -  
p o r t l o n a l  t o  dVocdT, t h e n  Inc reased  va lues  o f  Voc 
shou ld  r e s u l t  l n  lower  n u m e r l c a l  va lues  of  
dPmax/dT. From F l g .  16, I t  1s seen t h a t  dPmax/dT 
I s  rough ly  p r o p o r t l o n a l  t o  dVoc/dT f o r  GaAs, 
w h l l e  f o r  InP no such c o r r e l a t t o n  e x l s t s  ( F l g .  1 7 ) .  
f rom t h e  preced lng .  I t  f o l l o w s  t h a t  a c o r r e l a t l o n  
shou ld  e x l s t  between Voc and dPmax/dT f o r  GaAs. 
w h l l e  no such c o r r e l a t l o n  shou ld  e x l s t  f o r  I nP .  
That  t h l s  1s t h e  case can be seen f r o m  t h e  d a t a  of 
F l g .  18 .  Thus, t h e  spread I n  va lues  I n  dPmax/dT, 
e x h l b l t e d  by GaAs I n  F l g .  13 1s a t t r i b u t e d  t o  v a r l -  
a t l o n s  I n  open c l r c u l t  v o l t a g e .  

I t  1s no ted  t h a t ,  I n  F l g .  18,  t h e  GaAs c e l l s  
a r e  grouped around two va lues  o f  Voc. The f l v e  
c e l l s  grouped around t h e  h l g h e s t  Voc a r e  AlGaAs/ 
GaAs h e t e r o f a c e  c e l l s  w h l l e  t h e  rema ln lng  c e l l s  
grouped around t h e  lower  Voc a r e  s lmp le  GaAs 
homojunc t lons .  Average va lues  f o r  t hese  c e l l  
groups a r e  shown. t o g e t h e r  w l t h  an average va lue  
f o r  t h e  InP  c e l l s ,  I n  Tab le  X. F o l l o w l n g  t h e  p r e -  
d l c t l o n  based on Eq. ( 2 ) ,  I t  1s no ted  t h a t  the GaAs 
c e l l s  w l t h  t h e  h l g n e s t  Voc have t h e  l o w e s t  numer- 
l c a l  va lue  o f  dPmax/dT. The absence o f  even such 
a gross  c o r r e l a t l o n  f o r  t h e  p r e s e n t  I n P  c e l l s  I n d l -  
ca tes  t h a t  t empera tu re  dependent f a c t o r s ,  o t h e r  
than  dVoc/dT a r e  s l g n l f l c a n t  i n  d e t e r m l n l n g  t h e  
tempera ture  dependency of  Pmax f o r  t hese  c e l l s .  
ThIs c o u l d  a r l s e  f r o m  v a r l a t l o n s  I n  t h e  tempera tu re  
dependencles o f  f a c t o r s  such as s e r l e s  and shunt  
r e s l s t a n c e  wh lch  I n  t u r n  c o u l d  r e s u l t  f r o m  v a r l a -  
t l o n s  I n  c e l l  p rocess lng .  

Conc lus lon  

I t  has been shown, I n  agreement w l t h  p r e v l o u s  
r e s u l t s ,  t h a t  t h e  r a d l a t l o n  r e s l s t a n c e  of I n P  s o l a r  
c e l l s  1s s u p e r l o r  t o  b o t h  GaAs and S I  under 1 MeV 
e l e c t r o n  I r r a d l a t l o n .  The p r e s e n t  n*p I n d l u m  
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phosphlde c e l l s  a r e  found t o  be s l l g h t l y  more r a d l -  
a t l o n  r e s l s t a n c e  than  p*n c e l l s  under 1 MeV 
e l e c t r o n  l r r a d l a t l o n s .  T h l s  I s  a t t r l b u t e d  t o  
deg rada t lon  I n  t h e  l a t t e r  c e l l ' s  h e a v l l y  doped 
p - t ype  e m l t t e r  r e g l o n .  For  GaAs, t h e  ptn c o n f l g -  
u r a t l o n  I s  s l g n l f l c a n t l y  more r a d l a t l o n  r e s l s t a n t  
than t h e  n tp  c e l l s .  The Inc reased  degrada t lon  
I n  t h l s  l a t t e r  c e l l  can be a t t r l b u t e d  t o  r a d l a t l o n  
Induced lnc reases  I n  se r les  r e s l s t a n c e ,  decreased 
shunt r e s l s t a n c e  and degrada t lon  I n  t h e  p-base 

Temperature dependency exper lments  y l e l d  a 
t h e o r e t l c a l l y  p r e d l c t e d  c o r r e l a t l o n  between 
dPmax/dT and Voc f o r  GaAs. b u t  none f o r  InP.  
The spread I n  dPmx/dT va lues  observed f o r  t h e  
p resen t  GaAs c e l l s  1s thus a t t r l b u t e d  t o  v a r l a t l o n s  
l n  open c l r c u l t  vo l tage .  The GaAs c e l l s  can  be 
d l v l d e d  I n t o  two groups c l u s t e r l n g  around h l g h  Voc 
and low  Voc co r respond ing  t o  l o w  and h l g h  numer- 
l c a l  va lues  r e s p e c t l v e l y  f o r  dPmax/dT. The h l g h  
Voc group y l e l d s  an average dPmax/dY va lue  o f  
- ( 4 . 3 5 + 0 . 3 5 ) ~ 1 0 - ~  mW/crnz K 
v o l t a g e  GaAs group has t h e  average va lue  
- ( 6 . 0 4 i 0 . 0 1 ) ~ 1 0 - ~  mW/crn2 K. For  InP t h e  average 
va lue  f o r  6 c e l l s  1 s  
The spread I n  va lues  observed f o r  t hese  c e l l s  l n d l -  
ca tes  t h a t  g r e a t  c a r e  should be e r e r c l s e d  I n  a p p l y -  
l n g  p u b l l s h e d  tempera ture  dependency c a l c u l a t l o n s  
t o  numer lca l  p r e d l c t l o n s  o f  s o l a r  c e l l  performance 
I n  a g l v e n  space env l ronment .  

u h l l e  t h e  low 

- ( 5 . 3 + 1 . 2 ) x l O - j  mW/cm2 K. 

1 .  

2 .  

3 .  

4 .  
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O.L. C u r t l s ,  J r . ,  " E l e c t r o n  and Pro ton  Damage 
C o e f f t c t e n t s  t n  L o w - R e s j s t l v t t y  B u l k  S l l t c o n  
and S l l l c o n  So la r  C e l l s , "  I n  Hlqh E f f l c t e n c y  
S l l l c o n  S o l a r  C e l l  Revlew, NASA TH-X-3326, 

18. J .R.  S rou r .  S.  Othrner, K . Y .  Chlu.  and 

1975. pp .  51-59. 

C e l l  E f f l c l e n c y ,  

n+P 18.8 
19.8 

p+n 19 .6  
19 .8  

p e r c e n t  

21. P.H. Hooney. L.J. Cheng, R .  S u l l .  J.D. Gerson, 
and J.W. C o r b e t t .  "Oe fec t  Energy Leve ls  I n  
Boron-Doped S \ l \ c o n  I r r a d a t e d  w t l h  1-MeV 
E l e c t r o n s . "  Phys. Rev. B, v o l .  15,  
pp. 3836-3843. 1977. 

" R a d l a t l o n  Damage I n  GaAs S o l a r  C e l l s . "  I n  
22. R .  Loo, G.S .  Kamath. and R . C .  K n e c h t l l ,  

Voc, JSC, FF , 
v ma/cm2 p e r c e n t  

1.018 30.6 82.8 
1.034 30.9 85 

1.041 31.8 81.2 
1.044 32.1 81.1 

1 4 t h  I E E E  P h o t o v o l t a l c  S D e c l a l l s t s  Conference, 
I E E E ,  1980, pp. 1090-1097. 

1 018 30.6 82.8 
I 1 : 0 3 4  I 30.9 1 85 1 

19. I .  Welnberg. S. Hehta, and C . K .  Sua r t z ,  23. O.J. Glernbockl, t i .  P l l l a r ,  " Ind lu rn  Phosphlde 
( I n P ) , "  I n  Handbook o f  O p t l c a l  Constan ts  o f  
S o l l d s ,  E .  0. P a l l k ,  Ed., New York: Academlc 

" Inc reased  R a d l a t l o n  Res ls tance  I n  
L l th lum-Counterdoped S l l t c o n  S o l a r  Ce l l s , '  
App1. Phys. L e t t . ,  v o l .  44, pp. 1071-1073, Press, 1985, pp. 503-516. 
1987. 

24. J.C.C. Fan, " T h e o r e t l c a l  Temperature 
20. I .  Welnberg, C .  Goradla.  J.W. S tup lca ,  and Dependency o f  S o l a r  C e l l  Parameters,"  S o l a r  

C . K .  Sua r t z .  ' C e l l  Performance and De fec t  C e l l s ,  17. pp. 309-315, 1986. 
Behav lo r  I n  P r o t o n - I r r a d l a t e d  L l th lu rn -  
Counterdoped n t p  S l l l c o n  So la r  Ce l ls , '  J- 
Appl. Phys., vOl.  60, pp. 2179-2181, 1986. 

p+n 19 .6  
19 .8  

TABLE I. - GaAs PREIRRADIATION PERFORMANCE 

PARAMETERS 

1.041 31.8 81.2 
1.044 32.1 81.1 

P+n 13.9 0.843 32.4 70 
14.7 .858 33 71 

c 

C e l l  
p e r c e n t  

I n p b  17.9 
GaAsC 21.1 
S i d  18.1 
S i e  17 .1  

JSC, Voc, FF,  
ma/cm2 v p e r c e n t  

33.9 868 83.8 
32.3 1050 84 
44.5 672 82.1 
44.6 660 81.5 

TABLE 11. - I n P  PREIRRAOIATION PERFORMANCE 
PARAMETERS 1 V;c, 1 JSCS2 I FF,  I 

ma/cm p e r c e n t  
I:;;l 1 E f f l c l e n c y ,  

p e r c e n t  1 V;c, 1 ma ;IC, /c m2 1 p e FF,  r c en t 1 
12.9 0.815 26.3 82.6 
12.7 .814 82.3 

0.815 26.3 82.6 1 .a141 26 I 82.3 1 
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TABLE I V .  - NORMALIZED CELL PARAMETERS AT CONSTANT FLUENCE 

C e l l  

p+n  

n+p 
GaAs 

O + / O O  (Isc)+/(Isc)~ (VOC)+/(VOC)o ( F F ) + / ( F F ) o  

0 . 6 8  0 . 9  0 .84  0 . 9 3  

.52  .72  .81 .85 

TABLE V .  - NORMALIZED CELL PARAMETERS AT CONSTANT H I G H  FLUENCE 

[ I n P :  n+p a n d  p'n. + = 1 MeV e l e c t r o n  f l u e n c e  
= 3x1015/cm2.1  

C e l l  

GaAs p / n  

GaAs n / p  

TABLE V I .  - TEMPERATURE VARIATION TERMS - GaAs 

dPm/dT dVoc/dT d I s c / d T  

mW/cm2 K mV/K mA/cm2 K 

- 4 . 4 ~ 1 0 - ~  - 2  + 1 . 9 5 ~ 1 0 - ~  
- 4 . 9 2 ~ 1 0 - 2  -2 .1  1 . 9 7 x l  0 -2  
- 4 . 2 8 ~ 1 0 - 2  -2 .05  2 . 2 8 ~ 1 0 - 2  

- 4 . 1 4 ~ 1 0 - 2  -1 .97  2 . 7 1 ~ 1 0 - ~  
- 6 . 0 4 ~ 1 0 - 2  -2 .3  2 . 0 3 ~ 1 0 - ~  
- 6 . 0 3 ~ 1 0 - 2  -2 .3  2 . 0 9 ~ 1  0-2  

-4 .  x l 0 - 2  -1.97 1 . 9 1 x l O - 2  

6 

dFF/dT 

p e r c e n t  /K 

- 5 . 4 ~ 1  0 -2  
- 6 . 5 5 ~ 1  0 -2  

- 3 . 9 8 ~ 1 0 - 2  
- 5 . 4 4 ~ 1 0 - 2  
- 8 . 1 4 ~ 1 0 - 2  
- 8 . 4 2 ~ 1 0 - 2  

-5 .09x lO-2  



. 

dPm/dT dVoc/dT d Isc /dT  I dFF/dT 1 

-2.38 

-2.31 
-2.33 

i -2.32 
-2.21 
-2 .38  
-2.46 

mA/cm2 K 

t 3 . 2 3 ~ 1 0 - 2  
1 .69xl  0-2 
2 . 2 7 ~ 1 0 - 2  
1 . 4 4 ~ 1 0 - 2  
2 . 3 9 ~ 1 0 - 2  
1 .62x10-2 

percen t /K  

- 2 . 9 7 ~ 1 0 - 2  
- 8 . 6 ~ 1  0-2 
-1 .16xl0-2 
- 9 . 7 8 ~ 1 0 - 2  
- 9 . 3 8 ~ 1 0 - 2  
- 1 . 7 ~ 1 0 - 1  

TABLE V I I I .  - PARAMETERS USE0 I N  

CALCULATING BANDGAP TEMPERATURE 

DEPENDENCY 

TABLE I X .  - COMPARISON OF CALCULATED AND EXPERIMENTAL 

dVoc/dT VALUES 

[ T  = 60 " C . ]  

I ( a )  GaAs I 
dVoc/dT, 

mV K-1 

Exper I men t a  1 

-2 
-2.1 
-2 .05  
-1.97 
- 2 . 3  
-2 .3  
-1.97 

C a l c u l a t e d  

-2 
-2.1 
-2.1 
-2.09 
-2.36 
-2.29 
-2.1 

( b )  I n P  

dVoc/dT, 
mV K-1 

Exper I menta 1 C a l c u l a t e d  

-2 .38 
-2.39 
-2.32 
-2.34 
-2.46 
-2 .45  

TABLE X.  - TEMPERATURE DEPENDENCIES - GaAs and I n P  

[ T  = 60 " C . ]  

I C e l l  I No. o f  1 Vi;, 1 dVoc/dT, I d Pm/dT 
c e l l  s mV/K mW/cm2 K 

I I AlGaAs/GaAs I 5 I 955210 I -2 .0220.06 I - ( 4 . 3 5 2 0 . 3 5 ) ~ 1 0 - ~  
GaAs I I Homo junc t i on  I 2 1886211 1 - 2 . 3  - (  6.042.  01 ) x l  0-2 

~~ I I n P  I Homo junc t i on  I 6 1744215 I -2 .3420.08 I - ( 5 . 3 2 1 . 2 ) ~ 1 0 - ~  
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GAAS 

TYPE THICK- 
NESS- 
ClH 

n 0.2 

P 3  

P .5 

1 .o 

DOPANT 

ATOM CONCEN- 
TRATION. 

SE 1 . 5 ~ 1 0 ~ ~  

ZN 7x10l7 

ZN 8x1Ol8 

CH-3 

.9 

U L 

.8 

.5 

-------- 

n+D CELL I p + n  CELL 

TYPE I THICK- I DOFMT 

R A T I O N .  

n 

CD-87-26192 

FABRICATION E T H O D  - M V D  

FIGURE 1. - GAAS CELL CONFIGURATIONS. 

AR COAT 
r Au 

SUBSTRATE 

BACK CONTACT: Au/ZN BACK CONTACK: Au/SN 

GROKTH METHOD: OPEN GROUTH W€THOD - HOCVD 
TiJBE CAPPED DIFFUSION 

FIGURE 2. - InP CELL CONFIGURATION. 

I I 1 
1016 

.5  
1013 1014 1015 

1 k V  ELECTRON FLUENCE 

FIGURE 4. - NORRALIZED EFFICIENCY AFTER 1 ~ E V  ELECTRON 
IRRADIATION - 1 P. 
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r I n P ,  ILLUMINATED r I nP .  DARK 

I \ .5 I \  
1013 1014 1015 

1 MEV ELECTRON FLUENCE. C M - ~  
FIGURE 5. - NORMALIZED EFFICIENCIES OF InP. GAAS AND SI 

AFTER 1 MEV ELECTRON IRRADIATION. 

G U S ,  n + p  

45 36 1.8 90 

FF 

70 
bp 

LL U 
U 

50 - 1.0 

I 15 0.6 30 
120 200 280 360 440 

TENPERATURE , K 

FIGURE 6. - VARIATION OF CELL PARAMETERS WITH TERPERATURE FOR 
GAAS . 

InP. n + p  
45 r 36r- 

N= 35 N= 28 - 

25 a= 20 - 

voc - 
15 17 ._ 

120 200 280 360 
TEMPERATURE, K 

2.0 90 

70 

U U 

1.0 50 

0.6 30 

FIGURE 7. - VARIATION OF CELL PARAMETERS WITH TEMPERATURE 
FOR I n P .  
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110 

80 

4: 

& 60 

a 
w 
c* c* 

V 

40 

20  

0 

GAAS n+P 

1 
.2 . 4  .6 .8 1.0 1.2 

VOLTAGE. V 

FIGURE 8. - I - V  CURVES FOR n + p  GAAS CURVES - IRRADIATION 
BY 1 MEV ELECTRONS. 
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1 2 0  

1 0 0  

40 

20 

1 MEV ELECTRON FLUENCE, C M - ~  

.5 

F 
3 .4 
W 
v) z 0 

W p: 

a . 3  

2 
CT 

U W a v) 

I- .2 

.1 

0 .2 .4 .6 .8 1.0 1.2 
VOLTAGE. V 

FIGURE 9.- I - V  CURVES FOR p + n  GAAs-IRRADIATION BY 1 MEV 
ELECTRONS. 

0 
WAVELENGTH. p M  

FIGURE 10. - SPECTRAL RESPONSE OF GAAS n+P CELL. 

- 

1 MEV ELECTRON FLUENCE = 3 x 1 0 1 5  C M - ~  

JUNCTION 
- kp 92% CURRENT LOSS ----+ 

1.0 

. 9  

0 .8 
h 
h x 
Y 

u Y) - Y 

.7 2 
5 
U - v 
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.5 .6 .7 .8 .9 
WAVELENGTH. pl 

FIGURE 11. - NORMALIZED SPECTRAL RESPONSE OF f l + p  
I n P  CELL. 
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FIGURE 14. - GAAS TEMPERATURE VARIATION TERMS - 
GVERAGE VALUES. 

L 

- 4 ~ 1 0 - ~  

FIGURE 1 5 . -  I n P  TEMPERATURE VARIATION TERMS AVERAGE 
VALUES, 

- 6 . 5 ~ 1 0 - ~  r GAAs. T = 60 OC 
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FIGURE 16. - MAXIMUM POWER VARIATION VERSUS 
Voc TEMPERATURE VARIATION . 
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